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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 4235

OBSERVATIONS OF TURBULENT-BURST GEOMETRY
AND GROWTH IN SUFPERSCNIC FLOW

By Carlton 8. James
SUMMARY

One step in the process of boundary-layer transition 1s the formation
and spread of turbulent spote or bursts. A study of the shspe, growth,
and formation rate of turbulent bursts in supersonic boundary layers has
been made ueing sperk shadowgraphs of small gun-leunched models ln free
flight through still air and through a countercurrent supersonic air
stream. The shadowgraph data were cobtalned from & number of previous
investigations which, collectively, represent a variety of model shapes,
and e fairly wide range of Mach mumbers, unit Reynolds numbers, surface
roughnesses, and heat-transfer rates. The model shapes include cones,
oglve-cylinders, and hollow cylinders elined wlth the stream. The approx-
imate ranges of the flow variables sre gs follows: free-stream Mach num-
bers from 2.7 to 10; unit Reynolds numbers from 1.6 million to 6.3 million
per inch; surface roughness maximm peak-to-valley distance 10 microinches
to 2100 microinches; and ratio of well temperature to free-stream tempera-
ture either 1.0 (still air) or 1.8 (countercurrent air stream).

Three-dimensional burst geometry was determined for two typlecal
turbulent bursts. From a cemparison of burst plan forms and thickness
profiles observed under different flow condltions, burst geometry was
found to be Insensitive to wvaristion of Mach number, unit Reynolds number,
and surface roughnese. These variables, together with body shape, were
found to heave significant effects on the rate at which a burst is swept
along the surface, its growth rate (relative to distance traveled), and
the rate of burst formation.

INTRODUCTION

For meny yeers scientists have sought to understand the fundamental
nature of the transition from laminer to turbulent flow snd the parameters
which effect its occurrence. The present concept of the tramsitlion process,
as outlined by Dryden in reference 1, 1is the result of numerous contribu-
tions by verious investigators. Noteble among these are the theoretical
work of Tollmien and Schlichting and subsequent verification of the exist-.
ence of Tollmien-Schlichting waves by Schubauer and Skremeted (ref. 2),
the observance by Dryden (ref. 3) of the suddenness with which turbulence
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first sppears, and the hypothesis proposed by Emmons end Bryson (ref. 4)
which haeg been recently substantliated in its essentials by the experiments
of Schubauer and Klebanoff (ref. 5). Dryden separates the transition
process into three. successive steps:

(1) The amplificstion of small disturbances

(2) The generation of locallzed spots of turbulence through a

secondery instebility of the flow - - _

(3) The growth and spread of turbulent spots until the whole flow
field 1s turbulent

If the initial dlsturbance is lerge, step (1) does not take place. Like-
wise the development of the secondary instability of step (2), which ref-
erence 1 assoclistes with the formation of a system of Qrtler type vortices
(ref.6), probebly depends upon the nature as well as the magnitude of the
initial disturbance. If, for example, the disturbance source is at a .
leading edge or on & surfece, the generation of a localized spot, or burst,
can occur without the need of steps (1) end (2). The process proceeds
directly from the generation of the localized spot to step (3). The
present peper is concerned with step (3) of this process.

From observetions made during their water-tsble experiments, Emmons
and Bryson (ref. 4) hypothesized that each minute spot or burst of turbu-
lence once formed, grows perpendicular to 1ts surface, and in sll direc-
tions with respect to the fluid, by consuming the surrounding leminar
boundary layer. As 1t grows 1t is swept along the surface by the main
flow followed by newly formed bursts. The burst continues to grow until
it merges with adJjecent bursts to form a continuum of turbulent boundary

layer.

As early as 1950 irregularities in the thickness of the turbulent
boundary layer on free-flight models fired in the Ames supersonic free-
flight wind tunnel were observed in spark shedowgraphs (ref. 7). Also
observed in the flow field adjecent to the boundary layer were shock waves
having angles much greater than Mach angles.:-These waves gppeared to be
associsted with the turbulence irregularities. The Emmons and Bryson
experiments, provided a pleusible and timely-explsnation of the cbserved
phenomenon. As the optics of the wind tunnel were Improved and longer
models were tested, discrete bursts of turbulence were observed more fre-
quently and with sufficient clarity to define the geametric profiles of
meny of the bursts. In a study of boundary-lsyer transition on a slender
oglve-cylinder body, Jedlicka, Wilkins, and Seiff (ref. 8) observed that
the number of bursts that appeared In the boundary layer seemed to depend
on surface roughness near the tlp, and on abrupt changes in profile slope
near the tip. These bursts were observed to sweep downstream along the
surface. More recently, in a further study of boundary-layer transition
on free-flight hollow-cylinder models, the present euthor was impressed

by the fact that when two or more distinct bursts appeared along a single

-
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streamline, the downstream burst was inveriaebly lerger then the upstream
one. Furthermore, there was & striking similerity between the profiles

of some of the observed bursts and the profile determined by Schubauer

and Klebanoff from hot-wire measurements in low-speed flow. These observa-
tions are illustrated in figures 1 and 2. In the shadowgraph of figure 1
any given burst is seen to have greater length and thickness than bursts
upstream of it. The Implication 1s that a burst grows in length and thick-
ness 88 1t progresses downstream. Figure 2(a) reproduces & portion of fig-
ure 6 of reference 5 showing the plan form end center-line profile of a
spark-Initiated turbulent spot, or burst, on a £flat plate in low-speed
flow. (Nomenclature has been sltered to conform to that of the present
report.) Figure 2(b) 1s a shadowgraph profile, close to the plane of
symmetry, of a burst on the ogive-cylinder model of reference 8. The sim-
1lerity of the two profiles 1s qulte apparent. The upper profile was
measured at a stream Mach number of approximately 0.03. The lower profile
was observed at a stresm Mach mumber of 3.6. It should be pointed out,
however, that in the elevation view of figure 2(a) the vertical scale is
2.4 times the horizontal scale. It is perhaps not surprising that such a
8imilerity exists, since every boundary lsyer contalns the full velocity
gpectrum from zera to the local stream value, and the effect of Mach num-
ber on the characteristics of the fully laminar or the fully turbulent
boundary layer has proven to be largely one of degree. It remained, how-
ever, for such a comparison as this to drive home the real potentialities
of the spark shadowgraph for the detalled study of bursts of turbulence

in supersonic flow.

With an extensive portfolio of shadowgraphs, obtained during investi-
gations of other phenomena, immediately awvelleble, it became of interest
to determine how much Information on the transition process these shsdow-

graphs could be made to yleld. The purpose of the present report is to
set forth the results of a study of these shadowgraphs.

SYMBOLS

se  local speed of sound at edge of the boundary layer, f£t/sec

c leminar boundary-leyer thickness parameter, -2 A/Rx, dimensionless
frequency of burst formation, sec™t

width of statistical class in sample of frequency observations, sec™d
height of roughness, in.

length of burst, in.

EL"IIIRH

Mach number of streamline at boundary-lsyer edge relative to
downstream end of burst, dimensionless
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Mach number of streamline at edge of boundary layer relative
to the body surface, dimensionless - -

Mach number of streamline at boundery-layer edge relative to upstreeam
end of burst, dimensionless

free-stream Mach number, dimensionless

number of observations in statistical sample, dimensionless

number of observetions in statlistical class of width AT,
dimenslonless

U,
Reynolds number basged on roughness height, —vg- H, dimensionless

U,
Reynolds number at burst upstream edge, _ve_ Xy, dimensionless

U,
Reynolds number based on distance x, —3 x, dimensionless

distence from burst origin to point at which transverse spres
beging, in.. _ _ .

time, sec -

local stream veloclty at edge of the boundary layer, ft/sec s except
when used as component of Reynold number, for which case, in./sec

Reynolds number per unit length based on conditions at edge of
boundary layer, in.~?t

velo7ity of downstream end of burst with respect to body surfece,
ft/sec .

velo;ity of upstream end of burst with respect to body surface,
ft/sec .

coordingte in stream direction messured fram burst origin, in.

distance of burst downstreem end from burst origin, in.
distance of burst upstream end from burst origin, in.

coordinate normel to surfece, in.
coordinate normel to xy plene, in.

half-sngle of burst-growth envelope, deg (see fig. 2(a))
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[+] thickness of lamingr boundary layer, in.

2] half-sngle of burst downstream-end wedge, deg (see fig. 2(a))
A wave spacing, in. (see fig. 2(b))

v coefficient of kinematic viscosity, in.2/sec

Q radisl angle of burst center-line meridian, measured in positive
roll direction, from Intersectlion of vertical center plsne of
wind tunnel with upper surface of model, deg

¥ tan~t LE{I on developed body surface

EXPERIMENTAL CONSIDERATIONS

Bources of Data

The shadowgraphs which provided the greatest amount of Information
for the purposes of this study were obtained from the tests of refer-
ence 8, and from more recent tests on hollow cylinders alined with the
stream. 8Sketches of the models used in these tests are shown in fig-
ures 3(a), (b), and (c)}. To the slender ogive-cylinder of reference 8
the name "pencil model" has been ascribed. For the sake of simplicity
it will be so referred to in the following peragrephs. The hollow cylin-
ders were designed to provide guasi-two-dimensionsl flow over the outer
surfaces. They were simply fin-stabllized open-ended tubes having sharp
leading edges. The Internal flow was always supersonic. Two exterlor
profiles were tested: a pure cylinder, and an open oglve segment tengent
to a cylinder. These profiles willl be referred to as the "straight tube"
and the "contoured tube," respectively. Additional information was
obtained from shadowgraphs of the 19° included-engle cones of reference 7,
& few shadowgraphs of a model having the body profile of the A-%, a 10°
included-angle cone, and a model of the NACA RM-10. These models are
shown in figures 3(d), (e), (£), and (g), respectively. Rermresentative
shadowgraphs, from emong the large group selected for study, sre presented
in Pigure k.

Opticeal Aspects of the SBhadowgraphs

Scme of the shadowgraphs are of models in flight upstream through a
wind tunnel (see ref. 9) while others sre of models in flight in a conven-
tional serobellistic range. The optlcel system of the wind tunnel, for
stations utlilizing parsllel light filelds, requires light felling on the

photogrephic plate first to reflect from a collimating mirror and then to
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pe.ss through two windows 1n the tunnel wells. For statlons utilizing
conical light filelds, light from each source must pass through two windows.
With the wind tumnel in the "air-off" condition (i.e., not operating -
still air in the test section) resolution of detail in the shadowgraph is
impered due to imperfect collimation of the 1light and to a shadow pattern
resulting from imperfections in the surfaces ¢f the mirrors and windows.
With the wind tunnel in the “air-on" condition (supersonic air streem)
Introduction of stream turbulence and a turbulent boundary layer on esch
window causes a large additional loss of resolution. The range shedow-
graphs, on the other hand, were obtained using a conlcel light field with
no intermediate optlics at all. These shadowgraphs showed the greatest
amount of detail. Since air-on testing was required to obtain dste at
Mach numbers sbove épproximately 4, considersbly leess informetion on burst
behavior could be gained above this Mach number than below it.

METHOD OF ANALYSIS

The initiel step of the study wes made from the polnt of view of
determining whether- or not the transition process remalns fundamentelly
the same in supersonic flow as in subsonic flow. A general qualitative
inspection of the shadowgrephs showed that, for the flow conditions repre-
sented: (1) bursts form at forward locations on the surface of a model;
(2) they are swept downstream, growing in length end thickness as they go;
and (3) their profiles bear & merked similarity to that of a burst in =

low~-speed boundary leyer.

Some information from other sources was also available. From the
engle of the shock wave emanating from the upstream edgel of a burst,
Emmons and Bryson (ref. 4) calculated this edge to be moving downstream
over the surface at 0.43 of the stream velocity, which is equivalent to
0.57 of the stream velocity in the upstream direction relative to the
stream (i.e., M;/M_ = 0.57). Their measurement was made on a spark shadow-
graph of & cone-cylinder model flying at & Mech number of 2.1. By the same
procedure Jedlicka, Wilkins, and.Seiff (ref. 8) calculated a value of
Mu/M, equal to 0.k for e burst on an ogive-cylinder flying at e Mach

number of 3.5. Mitchner (ref. 10) and Schubsuer and Klebanoff (ref. 5)
reported values of 0.56 and 0.5, respectively, for low-speed flow.

The comparison thus far suggested that differences in the transition
process between subsonlc and supersonic flow were likely to be small. It
was consldered reasonable, therefore, for the purpose of the present study
to adopt the concept of burst formation and growth elready well substen-
tiated for low-speed Flow by the experiments of reference 5. TIf it is
aessumed that (a) a burst originates as & point, and (b) its upstream and

1To avold possible ambiguities arising from use of the term "leading
edge" as applied to & burst, the term "upstream edge"” is used throughout
this report to designate the edge of a burst nearest the model leading
edge.
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downstream edges move at constent - though not equal - velocities, &

simple relstionship can be wriltten between these veloclties and the posi-
tilons of the edges relstive to thelr polnt of origin. Using rectangular
coordinetes with orlgin at the point of origin of the burst, we can write

X = Vu‘b
(1)

Xq = Vgt

where %t = 0 at the instant the burst is formed. Substituting
L =xg-xy

end eliminating t leads to

Va =© :
E=E+l (2)

From the shedowgraph, the veloclity of the upstream end of a burst
relative to the veloclty of the stream can be determined by the angle the
burst shock wave mskes with the stream direction. (This velocity, of
course, must be supersonic so that the technique 1s applicsble only when

Ve > i)

Formation of a burst shock wave commences wilth the formation of a
burst (or shortly thereafter), the upstream edge of which then serves as
e source for the contlnuous formation of the wave. Thus, 1deally, the
polnt of origin of a burst can be located by projecting the outer end of
the burst shock wave (providing it has not already intersected the bow
wave) forward along & Mach line to intersect the body profile.

Once the point of origin of a. burst ls established the dlstance from
this point to the upstream end of the burst i1s determined and xy and L
can be messured directly from the shadowgraph. It ls then possible to
calculate V3 by substitution of the measured quentities into equa-
tion (2). A measure of the longitudinsl growth of & burst is thus obtain-
able from the shadowgraphs.

From wave-angle measurements, the velocity of the burst upstream edge
is given in terms of local Mach number. It 1s convenient, therefore, to
put equation (2) in terms of Mach number. The Mach number of the local
stream relative to the burst upstream edge is given by

Ue -V,
e u
My Be
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so that
Ww_, M
Ue Me

similarly, ' (3)
E=1_Md B
Ue Me

Substituting equations (3) in equation (2) results in

Mg My g My
e i w(-m ()

In eddition to the longltudinal growth characteristics 1t was found
possible to obtein information concerning the plen form, thickness distri-
bution, and lateral growth of a burst in supersonic flow. Presuming that
& paelr of shedowgraphs can be found, teken at the same instant and in
orthogonal planes, in which the same burst appears in both, there are
provided two, three, or four profiles of the burst, depending on its
latersl extent, which have known spatisl relatlionships. If the burst is
on a cylindrical body the radius of which 1s large compered to the bound-
ary lsyer or burst thickness, the flow can be considered two-dimensional
and the cylinder can be developed into e plane. The coordinates of the
burst plen form can then be plotted on the developed meridians of the
cylinder. If the observed profiles of the burst are sufficiently distinct
to be measured, it 1s also possible to map contours of burst thickness.
The practical application of such a scheme, unfortunately, was subject to
meny limitations not the least of which was the requirement of finding a
sultable pair of shadowgraphs in which a single uncontaminated burst wes
clearly visible in both. Two such palirs of shadowgreph were found, how-
ever, on.which this epproach was reasonsbly successful. In addition, a
small group of shadowgrephs was found from which it was possible to obtain
enough infarmastion to plot burst plen forms, but which would not yleld
sufficient Informetion to define the complete three-dimensionsl Fform.
Likewlse, a number of individusl profiles. were sufficiently well defined
to yleld thickness distributions. In some of these cases the position of
the profile with respect to the plane of symmetry of the burst could be
epproximately established. This was done by estimating the burst width
from the known approximste transverse growth rate and bounding the latersl
extremities of the burst by the orthogonal meridians, views of which showed
laminar flow. For bursts whose estimated widths were nearly equel to the
surface distance between the dismetral meridiens (half the body circumfer-
ence), the observed profile must be close to the plane of symmetry.
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RESULTS AND DISCUSSION

The length of a transition region, which may be defined as the reglon
between the forwardmost point at which bursts form and the aftermost point
at which laminsr flow exlists, depends upon the streamwise veloclty of the
bursts, thelr transverse and longitudinal growth charscteristics, and
their rate of formation. Bach of these veriasbles is in turn dependent
upon the environmmentel condltlons of the flow. It 1s this order of con-
sideration which hae been followed as closely as possible in presenting
the present results, so that a loglcal plcture of burst behavior in super-
sonic flow mey be drawn. Conslderation of the dynamic aspects of burst
behavior 1s preceded by a discussion of the observed geometrilc
characterlstics.

Burst Thickness Profilles

Burst thickness distributions messured on seversl proflles lyling
close to the plane of symmetry are shown In figure 5. To facilitate com-
parisons of shape the profliles are plotted In terms of burst length,
although the absolute megnitudes of the bursts varied considerably.
Important environmental parameters are tabulated to the right of each
profile. The most praminent feature of this figure 1s the similarity of
shape of the profiles. Thickness Iincreases continuously from the upstream
end to a maximum at sbout TO percent of the burst length I (%10 percent),
then decreases continuously to the downstream end. This simllasrity extends
to the low-speed profile of figure 2(a), except that 1ts maximm thickness
point 1s located at about 50-percent L. Perameters such as Mach number,
Reynolds number, heat-transfer rate, and surface shape, ss well as hurst
size, have no discernible effect on the burst proflile shape within the
ranges of these parameters observed here. The domelike shape at
x/L. = 0.75 of praofiles (a) and (d) of figure 5 is due in each case to the
presence of a relatively lerge eddy Jjutting out from the general mass of
eddies that form the burst. The local humps eppesring in profiles (b),
(£), and (g) are due to the same cause, except that the eddies are smaller
then those of profiles (&) and (d). It 1s interesting to note the same
local character of the hump in the profile of figure 2(s). While the pro-
flle shapes are well established, the sbsolute values of thickness are
less certain. A cambinstion of diffraction and refraction of light rays
pessing through the boundary layer and close to the model body occurs,
affecting the shadowgraph image. The diffraction fringe appearing In the
shadowgraph obliterates the detall of the relatively thin laminar boundary
layer. There is, therefore, some uncertalnty as to how much of the thinner
end portions of & burst are also obscured. The fringe 1s asppsrent in egll
of the shadowgraph figures and may be seen very clearly on the lower pro-
file of the body in figure 6(b), which is an enlargement of & portion of
a shadowgraph. Comparison of measured fringe widths with calculated values
(ref. 11) of lsminar boundary-layer thickness st the upstream edges of
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bursts indicates that the ratio of fringe width to boundary-layer thick-
ness varies between approximately 1.2 and 3. [ To give a comparison with
burst thickness the calculated laminar boundary-layer thicknmess at the

upstream edge of each burst is indicated in flgure 5. h

In measuring thickness distribution on one burst profile ((d) in
fig. 5), three veriations in technique were tried in order to assess the
accurscy of the measurements. The first, which was used for most of the
messurements, employed direct measurement by means of a drafting scale,
with the aid of a mégnifying gless of gbout 2 power, on contact prints of
the shadowgraph negatives. To define the model surface under the burst
the inside edge of . the diffractlion fringe was located at each end of the
burst and extended under it with a straight edge. Measurements made in
this manner are represented in filgure 5 by circle symbols. A second varie-
tion of this technique was to use the same procedure on positive enlarge-
ments of about 8% to 10X made directly from the shadowgraph negatives.
Examples of such enlargements, but to e lower magnification in order to
eccommodate them to page size, are shown in figure 6. Figure 6(a) is an
enlargement of the burst of figure 2(b), and .corresponds to profile (a)
of figure 5. Thickness meassurements from these enlargements are repre-
sented by square symbols in figure 5. The third variation involved
sccounting for the effects of diffraction and refraction by noting the
difference between the apparent body dilameter and the known body dlameter.
The body axis is located on the shadowgraph from symmetry. Measurements
are then msde from the axis to the outer profile of the burst and the true
body radius is subtracted. It was esnticipated that this method would be
the most accurate. However, large differences in the smount of refraction
occurring in the boundery layersg of bodies of differént diameter were
found. On the pencil model the correction to the apparent body radius wes
ebout equal to the width of the diffraction fringe end appeared toc be com-
petible with the vislble portion of the burst profile. On the hollow-tube
models this correction in most cases was nearly equal to the meximum thick-
ness of the burst and therefore did not appesr to be competible with the
vislble portion of the burst profile. The triangular-symboled curve of .
profile (d) is the result of applying this procedure to a burst on the
pencil model. The three curves of profile (d) show good repeatability of
shape representetion but differ in gbsolute thickness by more than 20 per-
cent of the maximum velue. This is approximstely equal to the width of
the diffraction fringe in figure 2(b). For other profiles of figure 5, a
reasonable value of absolute thickness should be obtained by adding the
leminar boundery-layer thickness to the ordinate of the profile. The aver-
age meximum thickness, including this & correction, of the ten profiles
of figure 5 is found to be sbout % percent of the burst length.

It is clear that the present data cannot define the shape of the burst
profile within the thickness of the diffraction fringe. This thickness 1s
of the same order of magnitude as the laminar boundary-layer thickness in
all cases encountered in this study. The position of the upstream end of
a burst is ususlly well defined by 1ts shock wave (cf. fig. 6). Thus, the

finite thickness Indicated at this polnt in many of the profiles suggests
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that the profile shape is the same as that found at the upstream end of

e burst in low-speed flow (cf. fig. 2(a)). No conclusions can be drawn
concerning the proflle shape at the downstreem end. It will be sssumed,
for present purposes, that the shape is simllar to that for low-speed
flow and that the intersectlon of the extrapolated burst profile with the
diffraction fringe marks its point of "maximum advence" as noted in
figure 2(a).

Burst Plan Form and Transverse Growth

Four developed plan-form plots, which typlfy the results of this
phase of the study, appear in figure 7. The model tip, or leading edge,
is at the left, the direction of alr flow belng from left to right. The
horizontal lines mark the edges of the body cylinder observed in the
shadowgreph profiles. All bursts for which plan forms could be drawn were
situated on the cylindrical portions of the mgdel bodles. Therefore no
distortion is introduced by plotting these plén forms as 1f the flow were
on & flat plate. No evaluation of the effects of longitudinal and trans-
verse curvature of ‘the resl model surface on burst plan form can be made
wlith the present data. The extremities of the observed proflles are marked
on the appropriste edges which correspond to meridians and the plan form
is failred through thege points. From the better defined plen forms, the
general shepe and symmetry of the outline were estahlished. This knowledge
wes used as a gulde In the falring of other outlines which, taken individ-
vally, were poorly defined. The burst of figure T(a), observed on the
strelght tube, is shown in the shadowgraphs of figures U4(d) and 4(e).
S8lince these shadowgraphs were obtained with conicel light flelds, the
observed meridlians are not quite equelly spaced arcund the circumference
of the body cylinder. The burst plan form 1ls seen to extend across two
meridians and come almost tangent to & third. The third and fourth merid-
ians show laminar flow. The burst of figure 7(b) was observed on the
pencil model (fig. 6(b)). Its plan form extends across three meridians,
wilth the fourth still showing lemingr flow. The free-stream Mach mumbers
at which these bursts were cobserved were 3.9 and 3.5, respectively. The
corresponding velues of unit Reynolds number were 2.31.0° per inch and
2.0x10° per inch. The wall to free-stream statlc-tempersture rstio was
1.0 for both. These plan forms, particularly the lstter, closely resemble
the burst plan form observed by Schubauer and Klebanoff in low-speed flow
(ref. 5) which is reproduced in figure 2(a). The small differences between
the plan form of figure 2(a) and those of figures T(a) and T(b) appear no
grester than the differences between the latter two plan forms themselves.
This comparison indicates that the general characteristics of the shape
of a turbulent spot, or burst, remaln unaffected by lerge changes in Mach
number, unit Reynolds number, or hest-transfer rate. The main points of
difference, which agaln appear to be small, are the slenderness, the inden-
tation of the upstream end, and the transverse and longitudinal rates of

growth.
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The slenderness of a burst may be characterized by the angle hetween
the two releatlvely straight sldes which form the downstream-end wedge. ’
The half-angle, 8, of this wedge is found to be 18-1/2° for the plan form
of figure T(a) and 10° for the plen form of figure T(b) as compared to
15.3° reported in reference 5 for a burst in Tow-speed flow (fig. 2(a)).
It can not be definitely established whether -the difference between the
values of 6 for the bursts of figures T(a) and 7(b) represents scatter
due to errors of measurement or whether it is caused by the difference
in body shdape between the stralght tube and the pencil model. A source
of error In the experimentel technique, which stems from the fact that
two sources of light are used to produce the two shadowgraphs from which
these plotes are made, could slightly distort .the observed burst plan form
and mey asccount for all or part of this difference. Although care i1s used
to initiste at the .same instent the sparks which form these light sources,
it is known that a time difference of a few microseconds can exist between
exposures. Because of the motion of a burst with respect to the model,
such & time difference in effect can cause a parallel shift of alternate )
meridians in the plot - hence distortion of the plen form. The maximum _ -
possible shift which could occur in the plots of figure T is calculated ;
to be about 3 or 4 percent of the length of the models. A shift of this
magnitude would be enough to obscure the indentation in the upstream end
of the plan form of figure T(a), and enough to account for apprecisble .
variaetion In 6. The possibllity of the difference in 6 between the . _
plan forms of figures T(a) and T(b) being due to body shape is dlscussed
later in this section.

A characteristic of transverse burst growth In low-speed flow noted
in reference 5 is that, after a burst is initisted, it moves downstream
a short distance before transverse spread begins, after which the trans-
verse growth proceeds at a constant rate. To obtain a measure of the
transverse growth of a burst on a purely cylindricel model such as the
straight tube, straight lines may be drawn pessing through the point at
which transverse growth begins and tangent to the burst plan form. For
a burst with constant transverse growth rate, the lines thus drewn form
its growth envelope. Since nelther the point of beglnning of transverse
growth nor the constancy of the transverse growth rate could be directly
established from the present data, it wes necessary to mske the bhest
assumptions possible with the gvallable knowledge. It was shown in ref-
erence 5 that a laeg in the transverse growth of s burst in low-speed flow
occurs at Reynolds numbers below approximstely 450 based on the displace-
ment thickness of the laminer boundary layer. This 1s the Reynolds number
below which complete stability 1s predicted on the basis of small pertur-
bation theory. 8imiler delsys In the transverse spread of turbulence in )
supersonic flow at M = 5.8 are observed in the data of reference 12. In .
the latter case, however, the displacement-thickness Reynolds numbere for '
commencement of transverse spread are of the order of 10 to 20 times the
ceritical value of 450 for low-speed flow. For the test conditions under
which the bursts of flgure 7 were observed, values were calculated of the .
distance, ro, from the burst origin to the point at which transverse

spread begins, corresponding to displacement-thickness Reynolds numbers o



’r

NACA TN k235 13

of 450 and 4500. These values of ro were, respectively, 0.0k inch and

L inches. The latter value clearly does not fit the conditions of fig-
ure T since all of these bursts were observed at positions less than

4 inches from their points of origin. From an inspection of burst waves
and burst positions in a number of the shadowgrephs it appears that a
value of rg as large as 0.5 inch, or half the nose length of the pencil
model, 1s posslble. Therefore, for the present case ro was teken to

have a value between 0.0l inch and 0.5 inch. A constant rate of trans-
verse contamination of the laminar boundary layer by turbulence from a
continuous source has been cbserved in subsonic flow (refs. 5 and 13) and
supersonic flow (ref. 12) as well &s for an individual burst in subsonic
flow (ref. 5). Tt is assumed here, therefore, that the same behavior is
characteristic of an individusl burst in supersonic flow. (The validity
of this assumption appears to be In doubt with regard to bursts on the
pencil model.)

Based on these considerations, two growth envelopes sre drawn for
the burst of figure T(a), wilth the burst origin being at the leading edge
of the cylinder. These envelopes correspond to the assumed limiting values
of ro. The envelope corresponding to rg = 0.04% inch subtends a half-

angle, a, of 11°. For the envelope corresponding to rgo = 0.5 inch, a
is equal to 12-1/20. In the case of the hollow tube, then, the uncertsinty
In o due to the uncerteinty Iin ro 1s no more than the probable error

of measurement. Contrary to what might be exgected., the average value of
a of 11.8° agrees more closely with the 11.3" for low-speed flow reported
in reference 5 than with the angle of 59 for transverse spread of turbu-~
lence from a continuous source at Mach number 5.8 reported in reference 12.
Unfortunately, in the present case, the value of 11.8° is the result of
measurement from only one burst plen form which may or may not be repre-
sentative for the present flow conditions. On the basls of the variation
encountered in similar measurements obtalned from a larger number of bursts
on the pencll model, however, 1t 1s not expected that other messurements of
o for bursts on the hollow tube would differ by more then about x2°. It
should perhaps be pointed out that an important difference between the
test conditions of reference 12 and those of the present results was in
the rate of convective heet transfer. The surface of the plate of refer-
ence 12 was at recovery temperature, while the surface of the bollow tube
was at free-stream statlc temperature. It 1s not unllkely that the heat-
transfer conditions would have an important effect on the rate of trans-
verse growth of a burst, as well as on the point at which trsnsverse growth
starts.

On a flat plate the transverse spread of turbulence is found to be
constant in a dlrection normal to streamlines. If this condltion spplies
glso on the oglval nose of the pencil model, on which the streamlines
diverge, 1t is clear that the growth envelope must curve as 1t crosses
surfece streamiines (meridisns when thé model is not pitched) in order to
make a constant angle, a, with each local streamline. If the oglwval nose
is approximated by its inscribed cone, which may be dewveloped together
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with the body cylinder, the envelope curve oh the developed conicel nose
1s described by a logarithmic spiral. On the developed body cylinder it
becomes a straight line. A growth envelope which meets these conditions
is drawn for the burst of figure T(b). In this case the uncertainty in

ro has a greater effect on the determinstion of o. For this plen form,

when ro = 0.04 inch, o 1s calculated to be 3.0°; when 1o = 0.5 inch,
o is 6.1°, Thus, the uncertainty in rg introduces an uncertainty in

a of the order of megnitude of « I1tself. These values of a &are con-
siderably lower than that found for the burst on the straight tube

(fig. T(a)) and would seem.to indicate a lower rate of tremsverse growth
on the pencil model than on the straight tube. This result also appears
t0 be consistent with the comparative slenderness exhiblted by the two
bursts of figures 7(a) and 7(b). On the other hand, from the geometry of
the growth envelope in figure T(b) it can be seen that while the burst is
on the model nose its rate of transverse spread with respect to its own
plane of symmetry increases as the burst moves downstream. For a constant
longitudinel growth rate, then, the burst plan-farm shape would not remain
similar as it grows, but would become less end less slender as 1t moves
downstream. The low values of a obtained for the plan form of fig-

ure T(b), therefore, do not appear to explain its relative slenderness in
comperison with that of figure T(a). A possible reason for this relative
slenderness is found from examination of. figure T(ec).

In all, it was possible to define, with varying degrees of precisionm,
elight burst plen forms: one from shadowgraphs of the straight tube
(fig. 7(a)) and seven from shedowgraphs of the pencil model, including that
of figure T(b). Figure T(c) is a composite of this group of plan forms
superimposed on a single meridian. Bach outline is yositioned on the fig-
ure at the observed longitudinal position. The dotted lines represent the
latersl extremities of the developed cylinder of the pencil model. They
indicate the limit of transverse growth which & burst can undergo on this
body before the edges of the burst begin to merge with each other on the
opposite side of the body. Comparison of the seven plan forms from the
rencll model with these dotted lines suggests that on the body cylinder of
this model 1little or no transverse growth takes place, but that longitudi-
nal growth continues. It will be observed that the plan forms farthest
from their point of origin are the most slender while the two nearest the
origin are the least slender and compare most closely in shape with the
Plen form from. the straight. tube. The va.lues of @ for the seven plan
faorms vary from 18° for the first two to 10° for the two farthest back.
For the first plan form the half-angle, a, of .the growth envelope is L. 3
when ro = 0.0L inch and 12. 7° wvhen ro = 0.57inch. This latter velue of
o end the value of. 8 of 18° for this plan form are nearly identical to
the values for these angles measured on the plan form from the straight
tube. While remembering that figure 7(c) is a camposite of several bursts
observed on several models, one can visuslize that these plan forms repre-
sent successive positions of a single burst moving downstream. It eppears,
therefore, that a burst origineting at the tip of the pencil model grows
transversely while on the nose, at a rate approaeching that measured for the
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straight tube, but for some reason stops, or nearly stops, its transverse
growth upon reaching the body cylinder. With such sketchy evidence, of
course, it 1s not certain that this indicated growth behavior actually

ocours, nor is it clesr 't.ﬂ'nr transverse ocrowth on the 'hnﬂ'u‘ r"‘r'l inder shomlid
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slow down or stop. The la.rge lateral curvature of the body surface may be
e factor. The poseibility of upwesh effects due to slight pltching of the
models in flight was investligated and found to be negligible. The rela-
tions of the burst center lines to the pitching planes of the models were
entirely random, and no correlation was found between the relative position
of a burst on the model body and 1te relative width. This is not to say
that no effects of upwash are to be expected. The angles of pitch of the
models for which dete are presented in table I and figure 7 were all

small - 1° or less. On other models at higher pitch angles & definite
effect of upwash on burst thickness and length was observed.

From the evlidence avellsble 1t does appeer that for a burst on a
slender body such as the pencil model, both 6 and o very wlith distance
of the burst from 1ts point of origin, tending to become smaller as the
burst moves dowmstream.

Figure T(d) illustrates the type of burst distribution most often
encountered on the hollow-tube models. This figure is plotted from meas-
urements made on the shadowgraphs of figures 4(Jj) and 4(k) which do not
adequately define the outlines of the many small or partislly merged
bursts. A consldersble degree of artistic license is required in the
feiring of figure T(&); however, the figure does serve to portray the
intermediate step In the transition process between the formetlon and
initial growth of isolated bursts and their eventusl merging to form e
continuum of turbulent boundary leyer. Related observations of burst
formation and growth made throughout this study have tended to substan-
tiate at least the general features of the model of boundary-layer tran-
sition hypothesized by Emmons and Bryson in reference 4.

Three-Dimensional Burst Shape

The two burste of figures T(b) and T(a) were defined in sufficient
detail to permit three-dimensionsal representation. Contour maps of the
developed plen forms of these bursts are presented in figures 8 and 9,
respectlively. The profiles from which the elevations were teken are slso
shown. These proflles were determined by the second method described in
the section "Burst Thickness Profiles." 'The number of profiles in fig-
ure 8 and their disposition with respect to the plan form indicates the
degree of accuracy of the contour map. As discussed previously, the true
elevation of the zero contour is somewhat 1n doubt, but it 1s kmown to be
approximately equal to the laminar boundary-layer thickness. The relas-
tionship of the contours among themselves, however, ls well defined. The
contour Interval is 0.010 inch. The sides of the burst are seen to rise

steeply from the surface to a V-shsped ridge whose legs run parallel to
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the slde edges. The upstream end of the burst rises much more gradually

and funnels into a valley which is bounded by the V-shaped ridge. The v
back of the ridge then slopes downwerd toward the downstream end of the

burst. The highest elevation is 0.053 inch (above the zero contour) at

a point gbove the @ = O meridian. A short dlstance downstream of this

point is another smaller pesk. In the shadowgraphs these peaks are seen

to be the heads of relatively large eddles which protrude sbove their

neighbors. Similar peaks eppear in the contour map of figure 9. BExclu-

sive of the local pesks, the highest elevatlion occurs at a point in the

center plane about 7O percent of the burgt length from the upstream edge.

It is now apparent that the indented shepe s¢ characterlistic of the

upstream end of a burst plen form 1s simply the beginning of the central

velley of the burst. The formation of this valley may be due to the fact

that the burst, being much thicker than the surrounding laminar boundary

layer and moving more slowly than the stream, is subjected to a dynamic

pressure from the stream which forces a pocket into the upstream slope of

the burst much as it would do to a water droplet on a solid surface. -
Because only two profiles of the burst of figure 9 were available, 1t was
necessary to assume & general similarity to the contour shape of figure 8

in order to complete the fairing. It can be seen, however, that any radi-

cally different symmetricel and internally comnsistent fairing would be

difficult to devise. It may also be observed that while indentation of

the upstream end of the burst is not shown at the zero elevetion, it is v
present in the contours of higher elevation. A small shift to the right
of the @ = 85° meridien profile, which might be justified, as mentioned
earller, by the possibllity of a smaell difference in time of the spark *
discharges, would result in an indented upstream edge and a somewhat more

slender plen form. . ; o - . .

Before leaving the subject of burst shape 1t is of Interest to note
the similarity of shape between the thickness profiles at different
meridian positions in both figures 8 and 9. Thickness distribution is
shown to be virtually independent of both the length of the profile and
its meridien position. The effect of this simllarity is of course
reflected in the three-dimensionsl shape of the burst. This characteristic
also permits the proflles of figure 5 to be properly compared even though
thelr meridian positions are not precisely known. .

Burst Upstream-Edge Velocity

The velocity and longitudinal growth characteristics of the bursts
on ‘these models were determined, as previcusly outlined, by obtaining
upstream-edge velocity, and ratic of burst length to distance moved,
directly from the deta, and then using equation (4) to calculate the
downstream-edge velocity. The determination of these variables and their
dependence on some of the environmental conditions are discussed in this .
and the two following sectlons. Measured velues of these variables,
together with the corresponding flow and surface roughness conditions,
are tabulated in teble I.
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In messuring wave angles from which to determine My/Ma, it was
found that reasonably good repestebility was obtalned even with some of
the more obscure shadowgraphs. The maximm error was estimated to be 22°,
wvhich at the highest Mach numbers corresponds to an uncertainty in M;/Me
of about 10.05. The uncertalinty in most of the measurements, however, is
believed to be no more than half of this figure.

Effects of Mach number and Reynolds number.- Values of M,/Me are
plotted in figures 10(a) and 10(b) against local Mach number, Mg. Date
for the quasl-two-dimensional flow on the hollow tubes, together with the
low-speed results from references 5 and 10, are shown in figure 10(a).
Date for flow on the pencil model, and the result from reference 4, are
shown in figure 10(b). The dete for the pencil and tube models are all
for a reasonably restricted range of Reynolde number per unit length.

The date from references I, 5, and 10 are for lower values of Reynolds
number per unit length. Values of My/Me obtained on relatively rough
surfaces are distingulshed from those obtained on smoother surfaces by
the solid symbols. (The measure of roughness will be discussed in the
following section.) Values of M,/Me are seen to be systematically
increased by surface roughness. Straight lines are faired through the
datae to indlicate trends. The dashed lines indicate 20-percent deviation
from the trend lines. There sppears to be e slignificant effect of Mach
number on the rate at which the upstream edge of a burst moves downstream.

Three sets of date points from the hollow tubes and the A-L model
permit an estimate to be made of the effect of Reynolds number on Mu/Me
Figure 11 shows these data plotted with Reynolds number per unit length,
or "unit Reynolds number,’ Ue/v, as the independent variable. Each set of
date was obtained from models of similar roughness. The Reynolds numberx
trend indlcated for the straight tube when Me = constant (the solid lines)
is one of incressing M;,/Me with increasing unit Reynolds number. This
trend is deflined by only four data points and 1s considered to be only
quaelitative. Two sets of date (the dashed lines) show the effect of X
simultaneously increasing unit Reynolds number and Mach number. The Mach
number effect i1s seen to be stronger than the similtaneous Reynolds mmber
effect. It appears slgnificant, however, that if these two sets of points
are plotted against Mg, the indicsted trends of Mu_/Me with Me have
slopes which are less negative than those shown in figure 10. This result
supports the trend indlcated in figure 11 by the solid lines. It can be
tentatively concluded thet the gross effect of Reynolds number on Mu/Me
is one of increasing Mu/Me with Increasing Ue/v, and the gross effect
of Mach number is one of decremsing M;,/Me with increasing Me.

Effect of surface roughness.~ Fortunately, the surface condltions on
the holiow tubes and on the pencll model were carefully controlled and
quantitatively measured. It was thus possible with these modeles to examine
the effects of distributed surface roughness om M;. The types of rough-

ness used conslsted elther of a fine continuous screw thread or of a
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circumferentially or longitudinally applied scratch polish. A detailed
description of these surfaces is comtained in reference 8. The roughness
dimension was taken as the msximum peek-to-valley dlstance, H, of the
screw thread or scratch cross section. Within this group of models,
values of H wvariled between 10 microinches for the smoothest surface to
2100 microinches for the roughest. The nondimensional peremeter (H/5)NRx
proposed. by Seiff was used to correlate the roughness data. The ratio
5ARx 1is independent of x for laminar fiow on & flat or conical sur-
face, so that the use of this parameter hes the advantage of eliminating
X a8 an lmplicit variable In correlating the effects of dlstributed
(uniform) roughness on such surfaces. The parameter (H/SWFx may be
put into the form Rp/c, in which Ry is the Reynolds number based on

H ahd ¢ 1is the nondimensional laminay boundary-lsyer thickness defined
by Van Driest (ref. 11). This form is more convenient for use. For the
purpose of figure 10, models having RH/c greater than 120 were consid-

ered to have relatively rough surfaces. Data from these models are plotted

with the s0lid symbols. The effect of surface roughness on burst upstream-
edge Mach number is shown in figure 12, where M;/Me 1is plotted against

RH/c for the tube models and the pencil model. Lines are faired through

the dasta points in each Mach number group. !'l.;he solld lines indicate the
trend of Mu/Me with RE/c for the tube models; the dashed lines indi-

cate this trend for.the pencil model. The varlation of unit Reynolds
number among these data is relatively small and so should not contribute
significently to the trends observed. At Mach numbers between 2.7 and
4,1 surface roughness has a marked influence on the burst upstresm-edge
Mach number. As might be suspected intuitively, the effect of increasing
roughness 1s to reduce the velocity at which s burst passes over the sur-
face. At higher Mach mumbers the effect of roughness sppears to decrease.

With the limited number of date avallable which will permit consid-
eration of one varisble at a time, very little further Iimprovement of
these correletions 1s possible. However, for a wvalue of the roughness
peremeter, Rg/c, of 150 & cross plot of the durves faired through the

date of figure 12 can be made which indicates the improved correlation
of My/Me with Mach number effected by consideration of the roughness

variable, and shows more clearly the strong Mach number dependence of
burst upstream-edge velocity when roughness is present. Such a cross
plot is shown in figure 13. (The curves for the two-dimensionsl surfaces
is based on the data from both the contoured tube and straight tube,-and
is therefore marked with the double symbol.) It is seen that this curve
and the corresponding curve fram the pencil-mcdel data, which are plotted
for the ssme roughriéss condition, have virtually the ssme slope and
indicate a nonlinear variation of My/Me with Me.

The data for the A-% model, on which roughness was smell, is included
in the figure for compsrison. While Ue/v increases with Me for these

data, the large difference in slope &t the lower Mach numbers between the
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curve for the A-b and the other curves does not appear to be entirely due
to this variation. Difference in body shape 1s not comnsidered to be a
factor since the slopes of the pencll-model and tube-model curves are
nearly the same, and the pencil-model and A-l bodies differ in shape only
in the flneness ratioc of the nose. However, a relatively large difference
in surface roughness existed between these models. The camperison sug-
gests that these curves sre members of a family of curves, the initial
glopes of which depend on the value of Rpg/c and which converge with

increasing Mach number, becoming asymptotic to scme constant value of
M;_/Me. At the low Mach mumber end of the spectrum, it may be conjectured
that the curve corresponding to some critical value of RH/ c will inter-
sect the Mg =0 exis at My/Me =1, and that for lower values of Rp/c the
curves will intersect the Me =0 axis at lower values of Mu/Me Curves
corresponding to increasing velues of Rg/c ebove the critical will then
intersect the line M;/Me=1 at-incressing velues of Me. Data fram ref-

erences 4, 5, and 10 which are also plotted in figure 13 appear to be con-
sistent with the above interpretetion of the curves of this figure.

Burst Longitudinal Growth Rete

Practical use of the method previously outlined for locatling points
of burst origin leaves much to be desired in the way of precision.
Uncertainties arise from numerous causes. Wave ehds are not clearly
defined and it is sometimes difficult to distinguish between & truly
oblique waeve and an Impulse wave from a turbulence eddy. Attenuetlon of
initial wave segments In an expanding flow fleld and deterloration of
wave strength with time, together with the sensltlvitiy limitations of the
shadowgraph, can result in the visible wave end not corresponding to the
Initiel position of its source. The burst must grow to finlte slze before
1t can form a shock wave of visible strength. Allowance muist be made for
the curvature of Mach lines in the flow flelds of curved bodles. Most of
the uncertailnties encountered result in potentlal. errors which are system~
atic in causing points of burst origin located by this method to lle aft
of their true locetlons. It wes significant, therefore, that almost with-
out exception, measurements on this large group of shadowgrephs showed
the points of burst origin to lie close to the leading edges of the models.
On the contoured tubes and pencll models proJjections of the burst wave
ends most often intersected the body proflles at the nose-body Juncture,
or shoulder; on the stralght tubes the great majority of the projectlions
Intersected the body profliles within a body diemeter of the lesdling edge;
and on the cones the burst weve ends inverisbly coinclded with the bow
wave, indlcating the cone apex to be the burst source. Indeed, on the
pencil model evidence of burst formation well forward of the shoulder was
observed in a number of shadowgrephs (cf. figs. 4(q), 4(s), and 4(u)).
These findings strongly suggest that 11 of the bursts originated at the
leading edge, or tip, but moved downstream an appreciable distance before
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reaching e size sufflcient to produce visible . shock waves. Since a burst v
remains qulte thin before 1t begins to grow transversely, it is not ;
unlikely that the distance a burst moves before producing & shock wave is

equal to rg. As a result of these conslderations it was concluded that

the bursts on all of the models studied in this anslysis originated at the

leading edge, and measurements of Xx,; were mhde from this point.

With the exception of measurements made on the plan forms of fig-
ure T(c), accurate measurements of burst length, L, were hempered because
the proximity of the burst center line to the plene of the shadowgraph,
or silhouette plane, could not be relliably determined. In consequence, &
potential systematic error in L of negative slgn existed, which could .
affect values of L/xu. Considersble scatter is present In the data

presumebly, in part at least, from this cause.

Effect of Mach number.- Experimental values of L/x; are plotted
against local Mach number, Me, in figure 14. The large scatter in IL/xy
is apparent as is the poor distribution of the data with respect to Me. <
The fact that these date are for models of different roughness contributes
to the scatter in this figure. Note, however, that the solid symbols, :
which represent data from the plan forms of figure T(c), show less scatter -
than do the rest of the data. An upper bound for L/x; cen be obtained '
from equation (%) by setting Mg/Me equal to zero (downstream end of the
burst moving at stream velocity) and substituting the value of My/Me
from figure 12 or 13. Limiting curves of L/xu versus Me &re shown in
figure 14 for the two-dimensionsl and three-dimensional surfaces for Rpy/c
equal to 150. All of the date points fall below their respective limiting
curves and, in spite of the scatter, appear to substantiate the Mach num-
ber trend indicated by the curves. o

Examination of equation (4) shows that L/x, must follow the same )
general trend with respect to Mach number and surface roughness as does -
M;/Me. This meens that the I/x; data of figure 1% should correlate to
a family of curves 1ln a manner similar to that postulated for figure 13.

Also, L/xu should correlate on the basis of surface roughness in a fashion
similar to that of figure 12. The poor distribution of the variables in
the existing date precludes any refinement of figure 14%. The situstion
with regard to surface roughness, however, 1s somewhat better.

Bffect of surface roughness.- Figures 15(a) and 15(b) show the effect
on L/x%, of varying surface roughness on the tube models and on the pencil )
model, respectively. Curves are faired through the data points for the . _
tube models at mean Mach numbers of 3.7 and 6.7, and through the data
points for the pencil model at & mean Mach numbér of 3.7. Limiting curves
for Me = 3.7 based on equation (4) end figure 12 are also shown in each .
figure. A comparison of the plots of figures 15(a) and 15(b) with that

L1}
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of figure 12 shows that L/xu exhlblte the same trends with respect to
surface roughness, surface shape, and Mach number, as does Mu/Me Oon

the basis of equation (4), therefore, the two sets of date are mutually
consistent.

Burst Downstream-Edge Veloclty

For a very few specific Mach number and surface roughness conditioms,
falred data are similtaneocusly avellable from figures 12 and 15 which can
be used to calculate burst downstream-edge Mach number by substitution
into equation (4). Values of M3/Me obtained in this manner are plotted
ageinst local Mach number, Me, in figure 16(a), and egainst roughness
paremeter Rpg/c in figure 16(b). Due to the uncertainties involved in
defining and in locating the downstream end of the burst In the shadow-
greph, it cennot be sald whether these velues of M3g/Me apply at the
point of maximum advence, as defined by Schubauer and Klebanoff (see
fig. 2(a)), or at some point a smaell distance upstream of it. The sign
of the potentlsl systematlc error assoclated with locating the downstiream
end of the burst in the shadowgraph would seem to favor the latter. TIn
addition, due to the potentiasl errors encountered in determining L/m,
the probeblllty of overestimating Md_/Me is greater than the probsbility
of underestimeting. Hence, the calculated values of Md/Me may be more
neaxrly correct for a point of smell dlstence upstream than for the point
of meximm edvance.

The values obtained with minimum surface roughness are about the
same as those which were measured in low-speed flow. Surface roughness
condlitions were not reported for the low-speed tests; but when the com-
parative seales Involved are considered, 1t seems probable that the rough-
ness parameter, RH/c s for those tests would epproximste the lowest values
encountered here. The variation of Md_/Me wlth Mach number end surface
roughness follows qualitatively the seme trends as does !\ﬁ,_/Me The ratio
decreases with increasing Mach number and Increases with increasing sur-~
face roughness. In terms of motion with respect to the surface, the burst
velocity Increases as the stream velocity increases but decreases as
surface roughness increases.

Burst Formation Rate

Since bursts are being continuocusly swept downstream by the main flow,
the number of bursts distrlbuted over the surface and the distance they
must trsvel before merging into a cantinucusly turbulent boundsry layer
are dependent upon the rate at which the bursts are formed. The shadow-
graphs were examined from this point of view and found to yleld scome
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interesting resultes in regard to the frequency of burst formation. Before
presenting these resultes it is of interest to conaider the signlificance of

the observed wave spacing from the standpoint of the shadowgraph itself.

It may be observed in many of the shadowgraphs of figure L4 that the
specing of the burst waves tends to be regular. A regular spacing implies
& periodlc discharge of bursts from a body-fixed source. Moreover, the
fact that such a phenomenon can be clearly seen in the shadowgrephs indi-
cates that, at least In these tests, burst sources are not rasndomly dis~-
posed over the surface for 1f they were, even though all sources were
discharging at the same frequency, random phase relationships would result
in the appesrsnce of randomly spaced waves. Therefore, all burst sources
mist be located at the same body station. It already has been concluded
that this station 1s the leading edge.

Once the locetion of burst sources haes been restricted to the leading
edge, the appearance of regular wave spacling in the shadowgraphs further
indicates that one (or both) of two situations must exist: (1) Formation
of bursts at sources distributed on the leading edge must occur in syn-
chronism or with harmonic phase relationship (phase shift equal to an
integer fraction of the period); or (2) the shadowgraph 1tself must effec-
tively filter out the waves of bursts whose sources or center lines are
not close to the plene of the silhouette. In the case of the hollow tube,
there 1s evlidence, of the type shown in figure T(d), thet the burst spac-
ing tends to be reguler along meridians, but random in & lateral direction,
and that synchronism does not cccur between adjacent sources. Omn the
other hend, there is evidence that on the pencil model more than one
source can exist at the tlp and that the discharge of bursts from these
sources 1s harmonlcelly phased. From an intultive viewpoint, one cen more
easlly concelve of a harmonic phase coupling between sources in very close
proximity, such as on the apex of a polnted body, than between sources
which are distributed along & two-dimensionel leading edge. That there
can be multiple sources at the tip is Indicated in several of the shadow-
grephs in which waves assoclated with different bursts can be seen moving
along opposite meridiens (cf. figs. 2(b), 4(s), and 4(t)). That there
night be synchronism between these sources wes strongly suggested by e
few plan-form plots simllar to those of flgure T In each of which wes
obsexrved the presence of two bursts of nearly equal size and at nearly
the same station but on opposite sides of the body. This was interpreted
to mean that the two bursts origlnated at the same instant at two differ-
ent sources. Indicatlions of synchronism are found in figures 2(b), L(r),
and 4(x), in which the paired burst waves are known from plen-form plots
to be assocliated with different bursts. -

As to the effectlveness of the shadowgraph in filtering out the waves
of bursts whose center lines are not close to the plane of the silhouette,
1t 18 clear that 1f the plsne of symmetry of the wave envelope 1s allowed
for the moment to rotate about the body axls in a dlrection away from the
plane of the silhouette, the light rays of the shadowgraph wlll pass
tangent to progressively weaker elements of the wave envelope and hence
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encounter smeller density gradients. The sensitivity of the shadowgraph
to a burst wave of given strength would thus decrease as the plane of sym-
metry of the wave departed from the plane of the silhouette. It will be
remembered, however, from the transverse growth charecteristlics of a burst
thet, after having moved a certain distence downstream fram its source, a
burst will completely (or neerly so) encompass the model. Based on fig-
ure 7, this distance is estimated to be about TO percent of the body length
for the tube models and between 25 and 50 percent of the body length for
the pencll model. Therefore, a burst moving along any meridiasn on the

body will have intersected the gllhouette plane gt least by the time 1%
has moved 35 percent of the body length on the tube models, or 12-1/2 to

25 percent of the body length on the pencil model. Downstream of these
stations it could be expected that the shock waves of all bursts would
begin to appear, but with intensitlies decreasing with the distance of the
burst center lines from the plane of the silhouette, and increasing with
the distence downstream. These characteristics are exhibited to more or
less degree in many of the shedowgraphs. The variation of apparent wave
intensity with distance of the burst center line from ‘the plane of the
sllhouette 1is particulerly well illustrated by the burst wave of fig-

ures 4(d) and I(e). The two shadowgraphs are orthogonal views of the same
wave at the same instent. In figure 4(d) the center line of the burst is
approximetely 15° from the plene of the silhouette. In figure L(e) the
center line of the burst ls approximetely T5° from the plane of the silhou-
ette. In the second flgure the shock wave appears mich weaker than in

the first. .

From the foregoing dliscusslon 1t may be concluded that the majority
of the waves observed on a given slde of the body in eny particular shadow-
graph belong to bursts all of which originated at the same source located
at the leading edge or tip. The wave spacing 1s therefore a measure of
the frequency of burst formetlion at that source. To be sure, same of the
waves are undoubtedly those of bursts which originated at other sources
which, in turn, may or may not be harmonlcally phased wlth the first. To
welght properly such uncertainties, as well as those arising from
"accidental" varistion of wave specing, the frequency data were treated
in a statistical manner. Messurements of weve spacing were made on the
19° included-angle cone, pencil model, and hollow cylinders.

In terms of the wave spacing, A, the frequency, £, with which bursts
are formed at & source is given by

f=<1-%£e7\a—e (5)

where A 1s measured along a streemline. Frequenciles were calculated,
using equation (5), for as meny wave spacings as could be found in order
to provide as meny observations in each statistical sample as possible.
The sttempt was made to separate the effects of such verisbles as Mach
number, Reynolds number, surface roughness, and leading-edge bluntness
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by choosing each eample in such s wey that all variables but one were as
nearly constent as possible. This of course necessitated a compromise
between the deslre to keep the limits of parameter variation reasonebly
small end the necessity of keeping the sample reasonsbly large.

The dats of each semple were tabulated in terms of the burst forma-
tion frequency, f. The optimm class intervals, Af, were determined by
trial and were teken to be 50 kilocycles per. second for the date from the
19° included-angle cone, and 10 kilocycles per second for date from the
pencil model and hollow tubes. It was found that by making two tabulstions
for each sample, using the same class interval for both but shifting the
class boundsries for the second tebulstion by one-half of the class inter-
val, the same data could in effect be used twlce to obtain better defini-
tion of the frequency curves. The results are presented in the form of
frequency spectrums in figures 17, 18, and 19 for the cone, pencil model,
and hollow tubes, respectively. The ordinsaste, IIAf/N s which might be
termed the "frequency probability,"” i1s the ratio of the mumber of cbser-
vations within a class to the total number of observations in the sample.
The value of N for each curve 1s noted in the figure. The plotted points
show the velue of nape/N at each class mark, there being two points for
each interval because of the double tabulation.

" The general characteristics exhibited by these curves are a number
of favored frequencles which bear harmonic relationship, with the fundse-
mental frequency usually being the most favored, that is, having the
highest frequency probability. The presence of the harmonics, particu-
larly numerous for the pointed bodles, lends further support to the con-
cept of harmonicelly phased multiple sources st the tip. In the case of
the hollow tubes the presence of harmonics, miich less prominent relative
to the fundementel than those for the pointed bodies, is more likely to
mean mltiple-frequency burst discharge from a single source. This of
course could occur also on the pointed bodies in conjunction with multiple-
source discharge. However, the date are-incapasble of resolving the one
condition from the other.

The curves of figures 17, 18, end 19 have been examined to determine
the qualitaetive effects on burst formation frequency of a number of
variebles.

BEffect of Mach number.- In figure 17(a) curves are drawn for two Mach
number renges at an essentially constent unit Reynolds number of approxi-
mately 3x10® per inch. The average Mach number for the solid curve is _
approximately 4, and for the dashed curve is approximately 5. The effect
of an increase in Mach number from I to 5 is seen to be smell. However,
there does appear to be a small net shift to higher frequencies s with new
harmonics appearing at 600 and T0O kilocycles per second. . -

Effect of Reynolds number.- The effect of varying the Reynolds number
is shown in figures L[(b) and.1l8. In figure 18, for an aversge Mach number
of about 3.7 on the pencil model, the effect of approximately doubling the
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unit Reynolds number from roughly 2.1x10% per inch to 3.8x10® per inch .
is seen to increase the Tundamental frequency of burst formation by roughly
40 percent and to produce e number of harmonics. Similar results are shown
for the cone date in figure 1T7(b). Some variation of Mach number is
present in these date as is indicated in the figure. However, the effect
of Mach mumber varistion in this range is shown to be small in figure 17(a).
The appreclable increase in frequency of burst formetion with the simml-
taneous increase in Mach number and unit Reynolds number shown in fig-

ure 17(b) can therefore be attributed primarily to the Reynolds number
Increase. It is seen that roughly a two and one-half fold increase in

Ue/ v produced a two and one-helf fold increase in the fundsmental pre-

ferred frequency of burst formatlon. It will be observed that the effect
of increasing Ue/v from 2x10° per inch to 3x10°P per inch is characterized
by an increase in the number and prominence of harmonics wlth no change in
the frequency of the fundamental, while the effect of increasing Ue/ v
from 3x10% per inch to 5x10® per inch is characterized by a large increase
in the frequency and frequency probabllity of the fundemental and a reduc-
tion in the number of harmonics. The reason for thls behavior 1s not
clear.

Effect of surface roughness.- The effect of surface roughness could
not be explicitly determined. Variation of surface roughness 1s present
40 more or less degree in all of the data, although date from the roughest
models were excluded from the samples. The largest variation in roughness
height, H, from 10 to 600 microinches, or 4 to 195 in terms of RH/c,
occurred in the hollow-tube data. In these date no correlation between
formetion frequency and roughness could be found. The relation of fre-
quency to roughness appeared to be purely random. This result was to be
expected 1n view of the fact thet burst sources sltuated at the leading
edge could not be Influenced by roughness downstresm. Had burst formastion
frequency been affected by surface roughness, the curve of figure 19 would
have been much less dlstinctly defined.

Effect of leading-edge geometry.- For epproximetely the same condl-
tions of Mech number end unit Reynolds number the fundamentel frequencies
of burst formation differ between the three model types. For an average
Mach number of about 3.5 and sn aversge unlt Reynolds number, Ue/v, of

about 2x10® per inch, the favored fundementel formation frequencies on the
cone, the pencll model, and the hollow tube are 115, 20, and 11 kilocycles
per second, respectively. The high frequency of formation on the cone as
compared to that on the pencil model might seem at first surprising since
the flow conditions were nearly the same in the two sets, and the apex
geometry does not differ greatly between the cone and the ogive - at least
in e mecroscopic sense. However, this large difference In frequency serves
to emphasize that since the bursts originate at the model tlp, thelr rate
of discharge can be strongly influenced by the locel geametry of the tip.
This fect waes noted in reference 8, and it was observed there that the
greatest number of _bursts were produced by abrupt changes in slope of the
tlp profile. These conditions sppear to have been responsible for the
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relatively high rate of burst formation on the cones of reference 7 as
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of the unfired cone models left over from the tests of reference 7. These
models were well preserved, and no evidence of corrosion or physical damage
during storage could be detected. Marked irregularities in tip profile
were observed. Photomlcerographs of two such tips, which are believed to
be representgtive of those used In the tests, are compared in figure 20
with the typical tip profile of the pencil models on which burst formation
frequencles were messured. The roughly truncated shape shown in fig-

ure 20(a) was a frequently observed characteristic of these models. Tips
such as ‘this provide conditions conducive to local flow separation or the
production of large transverse entropy mdients, elther of which could
induce turbulent eddy formation. In the course of testing in the Ames
supersonic free-flight wind tunnel 1t has been chbserved generally that a
slight truncation of the tip of a pointed model produces numerous bursts.
On the other hand, a careful rounding of the tip profile to eliminate
abrupt changes in slope is found to result usually in relatively low fre-
quencles of burst formation. It was noted in reference 7 that fewer bursts
were observed on the blunted models then on the cones. The pencil model
on which the burst of figure 8 was observed had an approximately hemispher-
ically blunted tip, the radius of which was equal to 20 percent of the body
redius. The burst formetion frequency on this model wes too low to be
measured.

The same qualitative effect of leading-edge geometry observed on the
pointed bodles was also observed For the two-dimensionsel leading edge. A
rether spectacular demonstration of the influence of leading-edge geometry
was made during the tests on the hollow-cylinder models.  Two models of
the straight tube, ldentical except for leading-edge geametry, were fired
at a Mach number of 3.9 in gtill air. The leasding-edge profiles of these
models are shown in the sketch. Profile A bad & flat forwerd facing

Profile A

OQuter surface of
/ cylinder wall

Profile B
(approximately circular)

surface with a sharp 90° corner to the outer surface of the cylinder. To
produce profile B, this corner wes rounded off to give an approximately
circular profile tangent to the outer and inner surfaces of the cylinder.
With profile A, the burst formation frequencies varied between 30 and

100 kilocycles per second. With profile B, the maximum frequency wes less
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then ‘5 kilocycles per second. Figures 4(c) and 4(d) are shadowgraphs of
these models having profile A and profile B, respectively. Date from
these models were not included in figure 19.

Further Observations From the Shadowgraphs

Asgide from the characteristics of burst shape and formetion and
growth discussed in the foregolng sections, many other features of burst
behavior could be observed in vaerious shadowgraphs. Teken individually
these observations would not perheps provide any evidence of startling
slgnificance. Conslidered as a whole, however, they all tended to support
further the concept of boundary-layer transition as 1t 1s presently under-
stood and, 1n a few cases, to supply additional detalls.

For example, one can infer something about the welaocity history of
the upstream edge of a burst from the shape of 1ts shock wave. Most of
the 1solsted and well-defined burst shock waves on the hollow-tube models
are nearly straight, indicating a neexrly comnstant veloclity for the
upstream edge of the burst. This observation provides a basls for the
assumption of constant velocity in postulating equaetion (1). There is
some indicetion of e slight concavity in these waves (e.g., the wave on
the lower profile of fig. 4(1)), suggesting the possibility that bursts
slow down graduslly as they lncresse in size. There 1s also an occasional
wave whlch shows pulsations of same sort occurring at the upstream end of
the burst. Such a wave is illustrated by the shock wave of the downstream
burst on the lower profile of figure 4(a). This pulsing could be inter-
preted as a fluctuation In the veloclity of the upstream edge, or as pulsing
of a particulerly large eddy, or eddies, locsted at the upstresm edge of
the burst. The frequency of the phencmenon was measured to be 40 kilo-

. cycles per second. Of course, one must use care 1ln attempting to draw
conclusions from wave shape since this shape can be affected not only by
the velocity history of the burst upstresm edge but also by pressure
gredient or streamline curvature as the wave negotiates the outer flow
field.

In many Instances 1t 1s possible to determine at what point on the
body surface & burst has been overrun by the downstream end of the follow-
ing burst. When the upstresm edge of & burst is overrun 1t ceases to be
a shock~-wave source; hence, the wave ceases to be formed and the inner end
becomes & moving point of reference. Figure 4(k) 1s a good example of
this situation. A palr of bursts on each profile of the body may be seen
to have merged shortly before the shadowgraph waes teken. The separate
identities of the bursts are still apparent from thelr profiles. The
points at which the downstream bursts were overrun cen be spproximately
located by projecting the inner ends of thelr shock waves upstream along
Mech lines. In & case such as that of figure U4(c) the tramsition region
can be approximstely defined by wave-end proJjection. Here the waves are
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80 closely spaced that the projection 1s readily visualized. The length
of the transition region 1s found to be less then two body diameters. In
contrast, the extent of the transition region on the body of figure 4(4)
is seen to be greater than the length of the model. Comparison of these
two shadowgraphs suggests that the rate of burst formation has a large
influence on the extent of the transition region.

A phenomenon which was occaslonally observed on the pencil model
was the appearance of a circular shock-wave segment which intersected a
burst shock wave at one end and came nearly tangent to the model bow wave
at the other (see figs. 2(b), 4(r), end 4(t), for example). The circular
nature of this wave and its position relative to the burst wave indicate
that 1t must heve been associated with an impulsive disturbance occurring
at the time of formation of the burst. If a burst forms with an initial
eddy, it appears that the formetion of the eddy may be of an explosive
nature. The impulsive discharge of an eddy from a local separated flow
region at the model tip could be such a disturbance. That this circular
wave was produced by such an eddy dlscharge is suggested by the similerity
of shepe between it and the circular (spherical) impulse waves emansting
from eddies within bursts and within the fully developed turbulent boundary
layer. For example, compare the circular waves in figure 2(b) with the
impulse waves sbove the two bursts in that figure. Compere slso the
impulse waves ebove the turbulent boundary lsyer in figure 4(g).

An effect of angle of attack on burst growth is observable gualita-
tively in the shadowgraphs. In figure 4(x) the four prominent burst pro-
files were agcertalned with reasonable, though not conclusive, certainty
from a developed plen-form plot to be nearly center-line profiles of four
independent bursts. The thicknesses of the profiles on the leeward side
of the body are consplcuously greater than of those on the windward side.
Further, it was found for the upstream pair that, although apprarently
initiated first, the windward burst was shorter than the leeward burst. °
Thus it appears that the combined effects of pressure gradient and upwash
due to engle of sttack influence the thickness and longlitudinal growth of
a burst. A favorable pressure gradient and dlverging streamlines (wind-
ward side) tend to retard growth in both thickness and length, while an
adverse gradient and converging streamlines (leeward side) tend to accel-
erate the growth. NJ concluslions could be drawn concerning the effects on
transverse growth although it is clear that, 1f burst shape is to be pre-
served, the transverse growth rate must vary in proportion to the longi-
tudinal rete. One is tempted to speculate, however, that the crossflow
pressure gradient and upwash would tend to sccelerate transverse growth
on the windward side and retard it on the leeward side; that is, the effect
on transverse growth would be opposite to that observed on longitudinal
and thickness growth. If such were the case, then burst shape (6) as well
a8 o would be & function of engle of attack, and bursts formed on the
sides of a body would have nonsymmetrical plen forms.

Throughout the present study the growth and Bpread of turbulence,
subsequent to burst formetion, hes been observed to be closely similaer
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to that reported in reference 5. The mechanism (or mechenisms) by which
the formation of bursts 1s initiated, however, 1ls still not understood.
Perhaps a brlef bit of conjecture is permissible concerning obeervations
made during this study as they relate to this phase of the transition
process. .

When burst formation was observed to occur at the leading edge, the
rete of formation was relatively very low end the transition reglon rela-
tively very long. On the other hand, when burst formation was observed .
to occur at any downstream point on the body the rate of formstlion wes
very high and the tramsition region very short. Consequently, under the
latter conditions dlscrete or developed burst profiles were never observed.
Campare figures 4(c) and 4(d) with figure 4(y). In figure L(y) the tran-
sition region on the upper profile is very short. The burst formation rate
is 8o high and the life of an indivlidual burst so brief that the spacing
of their shock waves 18 close to the resolution boundary of the shadow-
graph, and the waves appear as nearly circular (sphericel) impulse waves.

Various sources of disturbance leading to flow breakdown can be
hypotheslzed. Three of the more probable can be llsted as follows:

l. Local flow separation at the leading edge or tip
2. Roughness elements at the leading edge or on the body surfece
3. GOrtler instability at the leading edge or along the body surface

It 1s presumed that for.s model in free flight through still air, streem
disturbances are nil. The large differences observed in the frequency of
burst formation at the leading edge asnd at downstream points lead to spec-
ulstion that differences exist in the disturbances which cause the tran-
sltion. At the leading edge, burst formetion may simply be eddy discharge
from a separated region or fram behind a roughness element at rates pecul-
1ar to eddy discharge. In eilther case, no disturbance amplification would
be required. Omn the straight-tube models there is frequent evidence, in
the form of double bow waves, that local flow seperation exists at the
leading edge. At downstream stations burst formatlion mey be the result

of higher frequency disturbances, perhaps introduced at the leading edge,
by roughness along the surface, or feeding In from the external flow, which
are selectively amplified in the manner confirmed by the experiments of
reference 2.

The differences in the locatlion of burst formetion and in the extent
of the transition region also pose an Interesting questlon: Should not
the effects of such peremeters as pressure gradient, heat transfer, and
surface roughness on the transition from lasminar to turbulent flow be
expected to vary significantly as the locatlion of burst formation and the
extent of the transition region vary? It seems possible that the effects
of these perameters on the stability of the laminar boundary layer prilor
to burst formetion can be qulte different from thelr effects on the
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remaining portions of laminsr boundary layer between bursts within the
trensition region. The "calming effect" observed in reference 5 indicates
that this is certalnly true within very limited regions upstream of each
burst. Concurrently, the effects on burst growth and velocity could sig-
nificantly alter the extent of the transition region. Such a question,
therefore, seems worthy of further consideration. Transition due to burst
formation at the leading edges and tips of models of diverse sizes and
shapes, at least within the range of scale tested in the Ames supersonic
free-flight wind tunnel, has proven difficult to eliminate, and in that
sense may be considered to be "natural" transition. _

SUMMARY OF RESULTS

Shadowgraphs showing turbulent bursts on the surfaces of bodies in’
supersonic free flight were analyzed. The plan forme and thickness pro-
files of bursts in supersonic flow generally resemble those measured in
low subsonlc flow by other investigators. It was found possible to define
the three-dimensional geometry of a burst fraom shadowgraphs. The geome-
tries of two discrete bursts were so determined.

The velocity at which & burst moves downstream over the surfece was
found to increase with increasing Mech number and decreassé with increasing
surface roughness. The effect of Mach number on burst velocity appears
to be strongly depetident on the degree of surface roughness present. In
terms of distance traveled, the longitudinal growth rate of a burst was
found to decrease with increasing Mach number but lncrease with increaeing

surface roughness.

For a glven configuration under the flow conditions encountered in
the present analysis (viz., body-fixed disturbance source at the leading
edge) the greatest number of bursts tended to_form at some preferred fre-
quency, while lesser numbers formed at harmonics of this frequency. This
fundemental preferred frequency wes found to vary with unit Reynolds
number end incressed as unit Reynolds number increased. However, local
geometry of the leading edge appeared to have the strongest influence on
the preferred formetion frequency.

Ames Aeronsuticel Laboratory _
Netional Advisory Committee for Aeronsutics
Moffett Field, Calif., Jan. 24, 1958
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Figure 1l.- Shadowgraph of conical-nosed cylinder model in free flight; My = 3.5; Ue/v = 2.1x10% per
inch; H = 150 pin.; wind tunnel "air-off"; conical light field.
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FROM L.E. o=
a=11.3° T MAX. ADVANCE\
ge153° PLAN VIEW
INGH ' 3
—L— _ raaan T i
0 | 2 3
X,FEET

ELEVATION VIEW ON CL.

(a) Burst geometry end growth dednced fram hot-wire measurements by
Schubauer and Klebanoff (portion of fig. 6, ref. 5); M, ® 0.03;
Ue/v ® 1.5x10%/in.

r T e T

(b) Burets on a slender ogive-cylinder (pencil model) in free £light;
Mo = 3.6; Ug/v = 3.6x10%/in.; wind tunnel air-off; conical light
fleld. )

Figure 2.~ Comparison of geometric characteristics of bursts observed
under widely different flow conditions.
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(¢) Contoured tube

Figure 3.- Model geomeiries.
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{d) 18° included - angle cone
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Figure 3.- Concluded.

37



38 NACA TN L4235

conlcal 1ight

i

(R T B LT T Bl

~
L1}

aercballistic range

fleld.

Shadowgraphs of model in free flight

P“...
IR

s il

Figure k.-

i
|
l
My = 3.9; Ua/v = 2.3x10%/in.; E = 50 pin.

.
2

dsn B LR L -t
..... e

s | .;'
|
(a) Straight tube

; - .
L e T T

- - P . . -
T e e e o -I—



(v) Btraight tube; My = 3.9; Ue/V = 2.3x10%/in.; H = 50 win.; aercballistic range; conical light
field.

Figure L.- Continued.

cEah BL VOVN

6t




|
I“-r [T Nt . m 2 R . D
conical 1light

(c) Stralght tube; My = 3.8; Ug/v = 2.240%/in.; 31; 50 pin.; aercbsllistic range;
fleld.

Figure 4.- Continued.
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(d) Straight tube; My = 3.9; Ug/v = 2.3%10%/in.; H = 50 win.; seroballistic range; conical light
field. Orthogomal view of same model as fig. k(e) at same instant.

Figure %.- Continued.
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(e) Btraight tube; M, = 3.9; Up/v = 2.3x10%/in.; H = 50 pin.; sercballistic conical ligh
'y [ ] H t
field. Orthogonal view of same model as fig. 4(d) at same msr::g:’

Figure Lh.- Continued.
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conleal light

10 pin.; wind tunnel alr-off;

choked internal flow.
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.
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- 2-
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3 Mo = 2.T; Ugly

(£) Straight tube
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Figure &
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(g) Btraight tube; My = 3.1; Ua/v = 3.1x10%/in.; E = 500 pin.; wind tunnel eir-off; parallel light
field. .

Figure 4.- Continued.
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= 440 pin.; aeroballistic range; conlcal light
fleld. B8eme view of same model as fig ll-(i) but 0.0048 second earlier.

(b) Contoured tube; My = 3.7; Ue/v = 2.2A.0°%/1n.;

Figure 4.- Continued.
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(1) Contoured tube; My = 3.7; Ue/v - 2-2)(10°/m.; H = 440 pin.; aerobellistic range; conlcal light
field. Bame view of same model as fig. 4{h), but 0.0048 second later. E
Figure 4.- Continued.
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(k)

.3 H = 40 pin.; aeroballistic range; comical light
at same Instant.

3.7; Ue/v = 2.2x10%/1n
field., Orthogonsl view of seme model as £ig.

L

(3) Contoured tube;

Figure 4.- Continued.
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condcal light

.
3

*y

esroballistic
4(3) at seme instant.

H= o pin.;

)

Ue/v = 2.24.08/1n.;

3.7;

Orthogonal view of same model as fig

L™

field.

(x) Contoured tube;

Figm II'I"‘ cmtjmled.-
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(1) Contoured tube; My = 3.T; U'e/v - 2.2)(10“/111.; E = 140 pin.; asercballistic range; conilcal light
field. Bame view of same model as fig. %(J) but 0.0132 second later.

Figure 4.~ Continued.
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(m) Contoured tube;

field.

Figure 4.- Continued.
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Tlgure 4.- Continued.



(o) Contoured tube; My = 7.0; Up/v = 3.2¢L0%/in.; H = 1500 pin.; wind tumnel, air-on; parallel
1ight field.

Figure 4.~ Continued.
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() Pencil model; M_ = 3.9; U/v = 2.210%/in.; El; 700 in.; wind tumnel air-off; conlesl light
fi L]

Figure %.- Continued.
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NACA T 4235

(q) Pencil model {conical nose); Mg = 3.5; Ug/v = 2.1x1.0°/in.; H = 150 pin.; wind tunnel air-off
parsllel light field.
Figure .- Contimmed.



fleld.

(r) Pencil model; My = 3.6; Ug/v = 3.6x10%/in.; H = 5 pin.; wind tunnel air-off; comical light

Figure 4,- Continued.
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(8) Pencil model; M, = 3.6; Ug/v = 3.6x10%/in.; H =5 pin.; wind tummel air-off; parallel light

fleld. Model 1s slightly bent.

Figure k.- Continued.
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t
; wind tunnel alr-off; parallel Ligh
"y

field.

(t) Pencil model; M, = 3.6; Ug/v = 3.6x10%/in.; E = 5 win

Pigure L.- Contimmed.
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(u) Pencil model; M, = 3.5; Uefv = 2.1x10°/in.; H = 10 pin.; wind ‘tunnel alr-off; conical light

field.
Flgure &.~ Continued.

GESh NI VOVN




¢Eeh NL VOVH

, .-ﬂ.h- gt '.."‘ i
-

%
TR, A
Y L i ads, e g W a oy

(v) Pencil model; My = 3.5; Us/v = 2.0x10%/in.; E = 10 pin.; wind fumnel air-aff; parellel light
field. Model 1s slightly bent.

Figure %.- Contimued.
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M, = 3.6; Ua/v = 3.P10%/in.; H =10 pin.; wind tunnel air-off; perallel light
field.

Figure 4.- Continued.

GEeh NI VOVN




conleal 1ight

]
L)

off

Uefv = 2.0¢10%/in.; H = 10 pin.; wind tunnel air-
field. Model is bant.

(x) Pencil model; M, = 3.5;

61

Figure 4.- Continued.
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(y) Pencil model; M, = 3.5; Ue/v = 2.0x10%/in.; H = 10 pin.; wind tunnel sir-off; conicel light
field. Model 1s bent.

Flgure %.- Contimued.

cton NI VOVM




cEay NL YOVN

2
R~

. A% LY iR

F _:'

*i

ST T SR R T R T O o
= ..,._.,._-...,,‘_ A - -z . . x'r_nﬂr_._ 3 ;; - o .-
A ';. “ N Mgl "t [ .-. ;.

12t

23

(2) 18° includsd-angle cone; My = 3.T; Up/¥ = 2.610%/4n.; wind tunmel air-off; parallel light
Pield.

£9

Maure k.~ Continued.
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Continued.

Fgure U



. -.
A
L]
e

A iy
. .
)& N

-

)

3 =J 5
3 -kl_h.

N.-.P..U-. o ."- .M-.r.-
iy b T} X, W l...
s

Y 53
s e dare, -
Ty gt ed

.L..l._.n..l... ey o . -t i
.-._....I"-.... ..-b.-.\

TR L Rt i]
e Y

Uil IR S | “lh._m”..

- -+ -5

r -
- ...." k-.... ey

; parallel light fleld

; wind tumnel air-on

oxXL0% /in.

[ Al cmtinued [}

=3

Flgure L

(tb) 10° included-angle come; Mg = 10; Ug/v



’ - F ‘l‘i\' . ;‘:‘
P i N gt T A
> “1'11“ \ . Q- Pt Nk
e S R T
ACTA e L

¥,

Wi
™

&

" L A .‘.h'.*'-
o bt ek
L

Rl A
VR R

(ce) A-b; M, = 10.0; Tp/v = 6.3510°/1n.; wind turmel air-on; perallel light field.
Figure k.- Contimed.
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1.84108/in.; wind tumel air-off; comical light field.

(4d) RM-10; My, = 3.1; Ug/v =

Figure 4.- Concluded.
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Figure 5.- Centfer-line thickness distributions of bursis.
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Pigure 6.- Continued.

(b) Burst oo pencil model; 5.5X.
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{e) Burst on straight tube; 3.1X,
Flgure 6.- Concluded.
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Leading
edge
275°
175°
85°
50
275°

(o) Developed plan form of burst on the straight tube;
Me =39; Y =23 x 10 ¥in.

Tip

shoulder

(b) Developed plan form of burst on the pencil model;
Me =3.5; Yoy =2.0 x 10 %/in.

Figure 7.-Burst plan forms determined from shadowgraphs.
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Tip
or
-Burst of fig. 7 (a)
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edge shclau Ider e
Developed surface
of pencil model
________ ~ S e —— ¥
(c) Gomposite of developed burst plan form.
Leading
aedge

(d) Distribution of bursts on developed surface of
contoured fube.

Figure 7.— Concluded.



T4 FACA TN 4235

4 contour intervel =0.01" ¢
. 270°
2F
‘ ~ 180°

z Op1—1—{ 90°
\ . )
-2
K— —— direction of air flow
. . 2ro°

ol
04
.y’
(in) 07,* . '¢-o° . ' ' N . '
o 2 4 6 8 10 L2 4 16
X,in

Figure 8.- Contour map and meridian profiles of a burst on the
pencil model ; Me=3.5; Y9 =2.0 x 10 ¢/in.
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Figure S.- Contour map and meridian profiles of a burst on the
straight tube; Mg =3.9; Y¢y = 2.3 x 10 ¢/in.
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(c) Two - dimensional surfaces
Uej, % 107%, I :
® B A rough surface I
7-3. B
OO A smooth surface L7-32 <17
(o] Contoured tube
[m} Stroight tube
Note : Subscript denotes number A Pencil model
of observations glving @ Flat plate, ref. 5
identical results. @ * " ,ref.i0
b 20° Incl. 2 cone - cylinder,

8r ' ref. 4
.Tr
6r
St
ar
]
.2 1

o |

(b} Three - dimensional surfaces

Figure 10.- Variation of Mach number ratio, M”/Me , with
local Mach number.
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Figure (|, - Variation of Mach number ratio, Me , with unit

Reynolds number.
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Figure 12.- Variation of Mach number rotio, M‘fMg » With surfoce roughness parameter, Ru/e.
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Figure i3.- Variation of Mach number ratio, M%A, , With local Mach

number, with roughness porameter, R"Vc , held constant.
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Figure 14.- Variation of relative burst length, qu , With local

ach number.
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Figure 15, - Variation of relative burst length, Y/x, , with

roughness parameter, Rye.
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Figure 16.- Variation of Mach number rafio, Md/Me, with
local Mach number ond roughness paramefer.
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Figure [7.- Spectrums

of formation frequency of bursts on the
19° included angle cone.
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Figure 18.- Specirums "of formation frequency of bursts on the
pencil models.
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- Figure [9.- Spectrum .of - formation frequency  of bursts
on the hollow- tube models.
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(a) 19° included~angle cone; orthogomsl views of the same tip.

?

(c) Pencll model.

(b) 15° included-angle cone.
Figure 20.- Photomlcrographs of model tip profiles; 300X.




